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ABSTRACT 
A first-order magnetoelastic transition (FOMT) is found near the triple point between 
ferromagnetic, antiferromagnetic and paramagnetic phases in the magneto-chemical phase 
diagram of (Hf1-xNbx)Fe2 Laves phase system. We show that bringing different magnetic states to 
the edge of stability, both as a function of the chemical composition and under the influence of 
external stimuli, such as temperature, pressure and magnetic field, is essential to obtain and 
control FOMTs. Temperature dependent X-ray diffraction experiments reveal a discontinuity in 
the lattice parameter a and the unit cell volume without the change in the crystal symmetry at the 
FOMT. Under applied pressure, the transition temperature drastically shifts downward at a 
remarkable rate of -122 K/GPa. It is this first-order magnetic transition that leads to a negative 
thermal expansion (NTE) with average ΔV/(VΔT) ≈ -15×10-6 K-1 observed over a 90 K broad 
temperature range, which is uncommon for magnetoelastic NTE materials. Density functional 
theory calculations and microstructural analyses demonstrate that the unusual broadness of the 
FOMT originates from phase separation between ferro- and antiferromagnetic phases, which in 
turn is rooted in partial segregation of Hf and Nb and a peculiar microstructure. This new 
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understanding of the composition-structure-property relationships in transition metal based 
Laves phases is an essential step toward a better control and more precise tailoring of rich 
functionalities in this group of material. 
Keywords: Structure-properties relationship, Magnetic properties, Magneto-elastic 
transformation, Negative thermal expansion, Alloys 
 
1. INTRODUCTION 
Interesting and potentially practically important materials’ functionalities often arise from 
instabilities in crystallographic and magnetic sublattices [1]. Several systematic investigations of 
magnetoresponsive behaviors in intermetallic alloys have revealed that strong responses to 
relatively minor stimuli, such as large magnetocaloric, magnetostrictive or magnetoresistive 
effects take place when an abrupt, first-order magnetic phase transition simultaneously occurs in 
both the magnetic and crystallographic sublattices [2-5]. For example, in Gd5Si2Ge2 the magnetic 
ordering transition is coupled with a major reshuffling of the atomic structure and a change of 
crystallographic symmetry [1], while in some Fe2P-based alloys both the structure type and 
symmetry remain unmodified across the transition, but the first-order nature is reflected in 
discontinuous and anisotropic changes of lattice parameters [6]. Consequently, on-going research 
with the focus to engineer similar materials by adjusting their chemical composition and/or 
processing conditions is important. 
The transition-metal based Laves phases of the type AT2 (with A = early 4d or 5d transition 
metal and T = late 3d transition metal) represent an extended family of materials that show rich 
and intriguing physical properties in general and magnetism in particular. Their crystal, 
electronic and magnetic structures are all highly sensitive to the chemical composition [7-10]. 
Owing to intricate structure-composition-property relationships, where geometrical factors 
define crystallographic phase and electronic factors determine physical properties [11], Laves 
phases that either contain or are exclusively composed of transition metals represent a promising 
playground to study the competition between different magnetic ground states, both as a function 
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of composition and under the influence of external stimuli, such as temperature, pressure and 
magnetic field. 
One interesting examples is the pseudobinary system (Hf1-xTax)Fe2, when 0.1 < x < 0.3. The 
alloys in this compositional range crystallize in the hexagonal MgZn2-type structure (C14 Laves 
phase, P63/mmc space group No. 194), and show a first-order ferromagnetic (FM) to anti-
ferromagnetic (AFM) phase transition without the associated change in the crystal symmetry 
upon heating [12-14]. The magnetism of the FM state mainly comes from iron, which occupies 
two crystallographically inequivalent sites, 2a and 6h, both carrying a sizable magnetic moment. 
The AFM state has a complex magnetic structure with two independent iron sublattices: the Fe 
atoms in 6h sites are ordered antiferromagnetically, while the Fe in 2a sites are not magnetically 
ordered [12,15-17]. This FM-AFM first-order magnetic phase transition is critical for 
applications, as it is accompanied by a large magnetocaloric effect (MCE) [18-20], as well as a 
large negative thermal expansion (NTE) [17,21]. Although strong magnetoelastic coupling is 
much more common in Laves phases containing lanthanides [22,23], and while among 
transition-metal based Laves phases it has so far been only observed in the (Hf1-xTax)Fe2 alloys, 
one may reasonably assume that similar phenomena arising from itinerant magnetism of 3d 
metal should occur in other 4d/5d-3d systems, such as (A,B)Fe2 (with A = Zr or Hf, B = Ta, Nb, 
Mo, W etc.). 
Considering hexagonal Laves phase systems where there is a strong potential to induce either or 
both lattice or electronic instabilities by chemical modifications, the pseudobinary (Hf1-xNbx)Fe2 
clearly stands out. Both of the parent compounds – HfFe2 and NbFe2 – crystallize as hexagonal 
C14 Laves phase type, but HfFe2 is FM at room temperature with TC = 600 K whereas the 
stoichiometric NbFe2 adopts a spin density wave (SDW) type AFM order below Néel 
temperature TN ~ 10 K. Minor off-stoichiometric deviations in NbFe2+δ towards the Fe-rich side 
may, however, induce a low-moment ferromagnetism [10,24]. Given the high sensitivity of the 
properties of AT2 to both the electron count and the size of the atoms, the properties of 
(Hf1-xNbx)Fe2 cannot be easily predicted. The Nb-rich side of the (Hf1-xNbx)Fe2 phase diagram 
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was reported to exhibit a reentrant spin-glass behavior at low temperature [25]. While our work 
was in progress, the Hf-rich (Hf1-xNbx)Fe2 alloys (0 < x ≤ 0.15) have been reported to show a 
large NTE with controllable thermal expansion properties due to coexistence of FM and PM 
phases, although the exact mechanism of phase separation remains unclear [26]. Here, we report 
how first-order magnetic phase transition correlates to instabilities of crystallographic and 
magnetic structures in this system. Coupled experimental (crystallographic, magnetic and 
microstructural) and theoretical studies explain the underlying phenomena responsible for the 
unusually large width of this first-order phase transition. 
 
2. EXPERIMENTAL AND COMPUTATIONAL METHODS 
Polycrystalline (Hf1-xNbx)Fe2 alloys where x = 0, 0.1, 0.15, 0.17, 0.175, 0.18, 0.20, 0.22 and 0.30 
were prepared by arc-melting of elemental starting materials (purity > 99.9%) in an argon 
atmosphere. The samples of 5 g total mass were melted four times with the button flipped over 
after each melting, which is usually sufficient to achieve compositional homogeneity. The as-cast 
samples were annealed at different temperatures and in some cases ball-milled for comparison 
with as cast samples. Unless otherwise noted, the results reported below are obtained using the 
as-cast samples. 
The scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) 
measurements were carried out on an FEI Teneo SEM equipped with an Oxford Instruments 
Aztec EDS system. The chemical composition of the samples was determined from EDS by 
averaging multiple point detections on single grains. The results are consistent with the nominal 
ratio of (Hf,Nb):Fe = 1:2, with a minor Fe deficiency. The room-temperature crystal structure 
and phase purity of all the samples was analyzed using the powder X-ray diffraction (XRD) 
patterns obtained on a Philips X’pert Pro diffractometer (Cu K1 radiation). Temperature-
dependent powder XRD were carried out from 295 to 20 K using a Rigaku TTRAX X-ray 
powder diffractometer (Mo K radiation) equipped with a continuous helium-flow cryostat [27]. 
For the low-temperature measurements, particles smaller than 22 µm were sieved and mixed 
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with diluted GE varnish and mounted on a Cu sample holder; after drying, the resulting solid 
composite was polished with a P320 grit sandpaper to form a flat surface suitable for XRD 
experiments in a Bragg-Brentano geometry. The XRD patterns were analyzed by Rietveld 
refinement using the FullProf software [28]. The Diamond (version 3) and Vesta (version 3.4.0) 
software was used for crystal structure visualization [29]. The magnetization measurements were 
conducted by using a Quantum Design MPMS XL magnetometer equipped with a reciprocating 
sample option (RSO). 
Density functional theory (DFT) code VASP [30], compiled with the C2NEB subroutine [31], 
was used to calculate energies and electronic structure. The spin-polarized DFT calculations 
were performed using the projector augmented waves (PAW) [32,33], the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [34] with the Vosko-Wilk-Nusair interpolation 
[35], and the modified Broyden method [36]. We increased the plane-wave energy cutoff 
(ENCUT) to 366.5 eV, and used the augmentation charge cutoff (ENAUG) of 511.4 eV. We 
used the Г-centered Monkhorst-Pack mesh [37] with at least 163 k-points in the 12-atom 
hexagonal unit cell. The structures were fully relaxed at zero pressure, using the conjugate 
gradient algorithm. In the relaxed structures, atomic forces were below 0.003 eV/Å and the stress 
components did not exceed 1 kbar. At each composition, we calculated energies of several 
atomic arrangements on the Hf/Nb sublattice in a periodic supercell with a fixed total number of 
atoms.  Each structure was fully relaxed. In a 12-atom Hf3Nb1Fe8 unit cell (Hf4-4xNb4xFe8 at x = 
0.25) obtained from Hf4Fe8 by substitution of one of the Hf atoms by Nb, only one energy was 
calculated, because all 4 Hf atoms were equivalent by symmetry. In Hf2Nb2Fe8 at x = 0.5, there 
are 3 symmetry-inequivalent structures (and 3 different energies). To add 2 points at x = 0.125, 
we doubled the hexagonal unit cell either along c or along a direction, and considered a 24-atom 
Hf7Nb1Fe16 supercell. Each atomic arrangement in every supercell was fully relaxed. 
 
3. RESULTS AND DISCUSSION 
3.1 Characterization of the crystal structure  
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The Rietveld refinements were performed for all of the prepared (Hf1-xNbx)Fe2 samples with x = 
0, 0.1, 0.15, 0.17, 0.175, 0.18, 0.20, 0.22 and 0.30, confirming that they crystallize in the 
hexagonal C14 Laves phase structure type (space group: P63/mmc) and nearly all materials were 
single phase. One exception to this, however, was the parent alloy HfFe2, which contained about 
6% of cubic MgCu2-type structure (C15 Laves phase) [38]. Therefore, we conclude that a 
continuous solid solution with the hexagonal C14 type structure exists in (Hf1-xNbx)Fe2 for 
x < 0.3. The crystal structure of the C14 Laves phase is depicted in Figure 1a-1c. Briefly, the Hf 
and Nb atoms randomly occupy the 4f (1/3, 2/3, z) Wyckoff position, and the Fe atoms occupy 
two crystallographically inequivalent sites 2a (0, 0, 0) and 6h (x, 2x, 1/4). The structure consists 
of triangular and Kagomé layers stacked along the c-axis, in which one layer hosts the Hf and Nb 
atoms at 4f sites and Fe atoms at 2a sites, and another layer is exclusively formed by Fe at the 6h 
sites. The Kagomé layers formed by the Fe atoms occupying the 6h sites and triangle-lattice 
layers formed by Fe atoms located at 2a sites alternate along the c direction. 
Figure 2 summarizes the variation of the unit cell volume and the c/a ratio as functions of Nb 
content using parameters obtained from Rietveld refinement of powder XRD patterns at room-
temperature. As shown in Figure 2a, the unit cell volume of the alloys closely but not exactly 
follows the Vegard’s rule, decreasing with increasing the Nb content, as is expected from the 
substitution of the element with the smaller atomic radius (Nb, 1.46 Å) for the larger Hf (1.59 Å) 
atoms. The lattice contraction due to Nb substitution is anisotropic and more pronounced along 
the a axis than along the c axis (Figure 2b). Furthermore, the evolution of the c/a ratio of the 
hexagonal structure is not monotonous. It is nearly linear for x ≤ 0.15, but a clear change in slope 
develops around x ≈ 0.18. Thereafter the c/a vs. x dependence becomes linear again for x ≥ 0.20 
but with a smaller slope indicating a diminished anisotropy of the lattice contraction. In these 
two regions, phase volumes nearly exactly follow Vegard’s rule with different slopes, as is also 
shown in Figure 2a. In the following discussion, we show that the existence of two regimes with 
distinct evolution of the c/a ratio as a function of composition is related to an elastic phase 
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transition, which occurs near room temperature around x ≈ 0.18, and is correlated with the 
magnetic order. 
 
3.2 Magnetism and magnetic phase diagram 
Magnetic properties of (Hf1-xNbx)Fe2 (0 < x < 0.30) alloys were measured using the temperature 
dependent magnetization in the applied field of 0.1 T, and the data for compositions between x = 
0.15 and 0.30 are shown in Figure 3 (x = 0.1 is not shown). For each of the compositions 
investigated, the magnetization was measured first upon cooling in field, and then upon heating 
in the same field. Magnetic properties of (Hf1-xNbx)Fe2 alloys are extremely sensitive to x. The 
Curie temperature of the parent HfFe2 material was found to be 610 K (not shown in Figure 3), 
which is consistent with the values reported in the literature [39]. For x = 0.15, the M-T curve 
shows the onset of a ferromagnetic phase with large magnetization at 312 K. With increasing Nb 
content from x = 0.15 to 0.22, the transition temperature on cooling steadily decreases from 312 
to 155 K. In the concentration range 0.20 ≤ x ≤ 0.22, the alloys show a more complex behavior. 
Two successive magnetic phase transitions can be distinguished upon cooling; the first is a small 
peak that can be ascribed to a PM-AFM transition (TN) (Figure 3b and 3c), then at lower 
temperatures an AFM-FM transition takes place (hereafter designated T0, see Figure 3a). For 
example, when x = 0.22, T0 is approximately 150 K, while the TN is ~ 330 K (see Figure 3b). For 
materials with 0.17 ≤ x ≤ 0.18, FM-AFM and AFM-PM phase transitions move much closer to 
one another, and due to the relative weakness of the magnetization change at TN compared to that 
at T0, they cannot be distinguished from the isofield magnetization measurements. In contrast, 
the magnetic behaviors become dramatically different for the alloys with higher Nb content, for 
example, in the case of x = 0.30 (see Figure 3c), ferromagnetism vanishes and 
antiferromagnetism clearly becomes dominant, with TN at 340 K. At low temperatures, an 
additional anomaly appears at 38 K, which was previously attributed to the development of a 
glassy phase in Nb-rich (Hf,Nb)Fe2 [25]. It was suggested that this anomaly originates from 
magnetic frustration involving a competition between FM and AFM interactions, and is also 
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commonly found in geometrically frustrated ferromagnets [16,25,40,41]. In addition, due to their 
peculiar geometry, the 2D Kagome lattice sheets (see Figure 1c) are also known to promote 
magnetic frustrations [42].  
We note that although the ferro-antiferromagnetic transitions are relatively broad in all of the 
(Hf1-xNbx)Fe2 compositions investigated, noticeable thermal hystereses (∆Thys) are clearly seen in 
Figure 3a. Thermal hysteresis of about 5 K is observed for x = 0.17, and ∆Thys gradually 
increases up to 15 K for x = 0.18, then narrows down as more Hf is substituted by Nb. Such a 
large thermal hysteresis indicates the first-order character of the ferromagnetic phase transitions 
in (Hf1-xNbx)Fe2 alloys with 0.17 ≤ x ≤ 0.22. First-order magnetic phase transitions (FOMTs) 
from a low temperature FM to a high temperature AFM phase are not common and only a few 
examples of such behavior have been reported, e.g. in (Hf,Ta)Fe2 and Gd5Si0.5Ge3.5 [12,15,43]. 
Figure 4a presents the field dependence of the magnetization at 5 K measured after cooling in 
zero magnetic field. The magnetization value at B = 5 T decreases gradually with the increasing 
Nb content (see Figure 4b). The calculated magnetic moments at lower Nb content are in good 
agreement with experimental results. The alloys with x = 0.10, 0.15, 0.175, 0.2 and 0.22 show an 
FM-like behavior, with magnetic moment decreasing from 3.0 to 1.9 µB/f.u. for x varying from 
0.1 to 0.22, respectively. Two important observations need to be highlighted. First, only the 
sample with x = 0.10 reaches magnetic saturation. The materials with 0.175 ≤ x ≤ 0.22 represent 
an additional, nearly linear contribution superimposed upon the typical behavior expected for a 
ferromagnet. Second, the magnetization and demagnetization curves for x = 0.175, 0.2 and x = 
0.22 do not overlap, letting a finite magnetic hysteresis to appear above ~0.1 T (although not 
shown in Figure 4, second and third magnetization cycles retain the hysteresis, but it is reduced 
compared to the first field cycle). These observations point toward an incomplete FM-AFM 
transition at T0, most likely with a certain fraction of the AFM phase retained down to 5 K and 
coexisting with the FM matrix at temperatures far below T0. Judging from the extent of 
hysteresis, the concentration of the retained AFM phase increases with increasing Nb for Hf 
substitutions, and the application of external magnetic field at low temperature induces its further 
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conversion into the ferromagnetic phase, which nonetheless, remain incomplete in magnetic 
fields of 5 T and below. 
The magnetic phase diagram of (Hf1-xNbx)Fe2 alloys with 0 ≤ x ≤ 0.30 is displayed in Figure 5. 
The ferromagnetism of HfFe2 is rapidly suppressed by Nb substitution. The temperature of the 
FM to PM transition for 0 ≤ x < 0.17, as well as the temperature of the FM to AFM transition for 
0.17 ≤ x ≤ 0.22 decrease almost linearly with increasing x, and the FM phase is no longer stable 
at x = 0.30. Meanwhile, the AFM (or SDW-type AFM [10]) state starts to appear at x ≈ 0.17. The 
Néel temperature of this low magnetization phase is only weakly affected by substitutions, and it 
remains above room temperature for the studied range of compositions. This leads to the 
appearance of a triple point around x ≈ 0.17 that separates the FM, AFM and PM phases. The 
FOMT from FM to AFM state is observed for Nb concentrations in the range 0.17 ≤ x ≤ 0.22, 
which is near this triple point. It is surprising that substituting one nonmagnetic element (Hf) by 
another (Nb) drastically suppresses the ferromagnetism, while at the same time it barely affects 
the AFM to PM magnetic ordering temperature. In the closely related (Hf1-xTax)Fe2, it has been 
shown that the two inequivalent Fe sites, 2a and 6h, behave differently in the FM and AFM 
states, namely in the FM state both Fe sites order FM, while in the AFM state only the 6h sites 
carry a finite magnetic moment and order antiparallel [15,16,26]. It is thus likely that similar 
mechanisms are at play in the (Hf1-xNbx)Fe2 alloys, and that the anisotropic lattice contraction 
(Figure 2b) due to Nb substitution, modifies the Fe(2a)-Fe(2a) and Fe(2a)-Fe(6h) distances 
affecting the exchange interactions between Fe atoms in the two sites (see Figure S1 in the 
supplementary material). At the end, in spite of the differences in magnetic properties between 
the parent NbFe2 and TaFe2, where the former is a complex frustrated SDW-type AFM and the 
latter is a simple AFM [10,24,44,45], the magnetic phase diagram of (Hf1-xNbx)Fe2 for x ≤ 0.3 is 
unexpectedly similar to that of the (Hf1-xTax)Fe2 system [12,14]. 
 
3.3 Temperature dependent powder XRD across the ferro-antiferromagnetic transition 
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In order to examine the evolution of the crystal structure across the first-order FM-AFM 
transition, powder XRD measurements were carried out on (Hf0.80Nb0.20)Fe2 from 295 K to 20 K. 
The structural refinement based on the obtained XRD patterns shows that the hexagonal C14 
Laves phase structure is retained throughout the whole temperature range, confirming the 
magneto-elastic character of this first-order phase transition. A narrow Bragg angle range of the 
collected XRD patterns for selected temperatures is presented in Figure 6. When the sample 
cools down from the AFM state to FM state, i.e. across the magneto-elastic FOMT, a clear 
splitting of Bragg reflections occurs (note that both Kα1 and Kα2 components are present for 
each reflection, since the data are obtained using the Mo Kα radiation) and persists down to 
20 K. The resulting XRD patterns were refined by considering the presence of two hexagonal 
C14 phases with different lattice parameters. These results indicate that a low-temperature (FM) 
phase grows at the expense of the high-temperature (AFM) phase upon cooling but the 
transformation remains incomplete down to 20 K. Such phase coexistence is rather common for 
first-order transitions and has been also observed in several material systems around their FM-
AFM FOMT [46,47]. 
The lattice parameters a and c, the unit cell volume, and the c/a ratio are shown for the two 
phases as functions of temperature in Figure 7a, 7b and 7c, respectively. A quantitative analysis 
of the concentrations of low-temperature FM and high-temperature AFM phase fraction is given 
in Figure 7d. The high and low temperatures phases coexist over a particularly large range of 
temperature, as the transition spreads over ~100 K and even at T = 20 K the concentration of the 
retained high temperature phase is about 29%. The observation of this phase coexistence far 
below T0 is consistent with the interpretation of the magnetization data presented in Figure 4. 
The lattice parameters behavior at the magnetic phase transition consists of the discontinuous 
change in the a lattice parameter between the high- and low-temperature phases, ∆a/a ≈ 0.25% at 
240 K, yet a much smaller change is observed along the c-axis. The spontaneous 
magnetostriction accompanying the first-order magnetic transition is, therefore, more 
pronounced in the ab plane than along the c axis. The unit cell volume also clearly shows a 
11 
 
discontinuity confirming the first-order nature of the AFM to FM transition. The unit cell volume 
of the AFM phase is smaller than that of FM phase, and the volume difference at 240 K is about 
0.39%. 
Considering the average unit cell volume Vmean=xLTVLT+(1-xLT)VHT where xLT represents the 
fraction of low-temperature phase, VLT and VHT, the unit cell volumes of the low- and high-
temperature phases, respectively, a decrease of Vmean upon heating over a large temperature range 
is observed (see Figure S2 in supplementary material). Consequently, a negative thermal 
expansion (NTE) is observed from T = 150 K (Vmean =170.072 Å
3) to T = 240 K (Vmean = 
169.840 Å3), leading to the average volumetric thermal expansion coefficient  = (1/V)(∆V/∆T) = 
-15×10-6 K-1 over a temperature range of 90 K, in agreement with [26]. Magneto-elastic phase 
transitions, and more generally spontaneous magnetostrictive effect, are a known source of 
negative thermal expansion [48], which has already been observed in several materials systems, 
in particular in La(FeSi)13 [4], Mn3XT antiperovskite [49], and in (Hf,Ta)Fe2 [17]. In majority of 
these materials the NTE range is limited by the width of the magnetic transition which is usually 
narrow in bulk samples (from a few K up to ~10 K or so). This can be enhanced by processing 
the material to broaden the transition, for instance by converting it into nanocrystalline form for 
applications [50]. In contrast, as-cast (Hf1-xNbx)Fe2 materials already exhibit an NTE covering a 
large temperature range, without the need for additional processing. Here we show that broad 
NTE in (Hf1-xNbx)Fe2 materials is intimately linked to the width of the magneto-elastic ferro-
antiferomagnetic transition. 
 
3.4 Effect of hydrostatic pressure on the magnetoelastic transition 
As the first-order magnetoelastic phase transition is accompanied by a noticeable volume change 
in (Hf1-xNbx)Fe2 materials, a significant influence of the physical pressure on the phase transition 
is anticipated. In view of potential application of NTE materials in zero-strain composites it is 
paramount to know the effect of stress on their physical behavior. At the same time, due to the 
phase coexistence between FM and AFM fractions over a broad range of temperature, the effect 
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of pressure on (Hf0.80Nb0.20)Fe2 is difficult to predict. To get an insight into response of these 
materials to applied pressure we measured the magnetization versus temperature curves for 
(Hf0.80Nb0.20)Fe2 under four different hydrostatic pressures (Figure 8a). The pressure dependence 
of the TC is shown in the inset of Figure 8a. Increasing the pressure up to 0.79 GPa results in a 
shift of the TC to 100 K (determined by the maximum of the first derivative of the magnetization 
with respect to temperature). Under pressure, the transition temperature drastically shifts 
downward at a remarkable rate of -122 K/GPa. Among other materials that exhibit first-order 
magnetostructural or magnetoelastic phase transitions, this value is particularly large, but 
comparable with those observed in the ferromagnetic La(Fe,Si)13 [51] and paramagnetic Er5Si4 
[52]. Observing a large shift of the transition temperature under pressure (dTtr/dP) for a given 
discontinuity in specific volume (Δv) indicates a limited entropy difference (ΔStr) between the 
AFM and FM phases. Within the Clausius-Clapeyron formalism in the low-pressure limit (i.e., 
neglecting a possible pressure dependence of ΔStr and Δv) [53], one can estimate ∆𝑆𝑡𝑟 =
∆𝑣/(𝑑𝑇𝑡𝑟/𝑑𝑃) ≈ 3.1 𝐽𝑘𝑔
−1𝐾−1. This small ΔStr value is in line with that estimated from heat 
capacity measurements of a sample with x = 0.18 (not shown). Despite the significant change in 
the transition temperature under pressure, the width of the transition is almost unaffected by 0.34 
and 0.58 GPa. However, it becomes broader under 0.79 GPa compared to that at the ambient 
pressure. 
Figure 8b shows the field dependence of the magnetization for (Hf0.80Nb0.20)Fe2 at 5 K for 
various pressures. The magnetization of the material gradually decreases with increasing 
pressure, reaching ~24% reduction at 0.79 GPa. In addition, the magnetic hysteresis increases 
with the increasing pressure. This behavior is particularly significant at the highest available 
pressure of 0.79 GPa. A clear inflection is observed in the field-up curve, but not during 
demagnetization. As discussed in previous sections, the finite magnetic hysteresis at low 
temperature is due to coexistence of AFM and FM phases as a result of an incomplete 
temperature-induced phase transformation. Under pressure, the hysteresis also appears as a result 
of a partial field-induced AFM to FM transformation at 5 K. The increased magnetic hysteresis 
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under pressure compared to that observed at the ambient pressure originates from a larger initial 
concentration of the AFM phase at low temperature under pressure (the AFM is low volume 
phase, while the FM is high volume phase). In fact, the compression created by physical pressure 
acts similar to the “chemical pressure” that is generated by substitution, here, the replacement of 
Nb for Hf. 
 
3.5 Broadening of the first-order phase transition 
Unlike other materials undergoing a sharp first-order phase transition, a relatively broad FOMT 
is found in (Hf1-xNbx)Fe2 (0.17 ≤ x ≤ 0.22) materials. The broadening of a first-order magnetic 
transition is generally attributed to inhomogeneities in the material (a.k.a. chemical 
inhomogeneity, phase separation, presence of secondary phases and impurities, defects, etc.). In 
many cases, large transition width can be reduced by sample processing, adjustment of the 
nominal starting compositions, use of different synthesis routes, or change in the annealing 
protocols. In the present case of (Hf1-xNbx)Fe2 materials, since the as-cast samples present a 
broad transition which spans on the order of 100 K on the temperature scale, several attempts 
were made to sharpen the transition by annealing as-cast samples according to different 
time/temperature protocols, preparing off-stoichiometric compositions, and refining chemical 
homogeneity and microstructure by high energy ball-milling. However, all of these methods 
proved to be unsuccessful, and to the contrary, the transition widths are even broader in the 
annealed, off-stoichiometric and ball-milled samples when compared to the as-cast samples (see 
Figure S4 and S5 in supplementary material). This suggests that the broadening of the FOMT in 
the as-cast (Hf1-xNbx)Fe2 is an intrinsic rather than processing-induced phenomenon. To verify 
this hypothesis we employed DFT calculations for the (Hf1-xNbx)Fe2 system in the range of x 
from 0 to 1. 
In a solid solution, if the mixing enthalpy E(x) is concave (i.e. its second derivative 
𝑑2𝐸(𝑥)/𝑑𝑥2 is negative), then the system can lower its enthalpy via a compositional 
inhomogeneity [54]. Our DFT results presented in Figure 9 show that this is indeed the case in 
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(Hf1-xNbx)Fe2. Because the mixing energies are positive in the FM phase, the compositional wave 
(chemical fluctuations) is energetically favorable and a tendency toward compositional 
inhomogeneities is anticipated. However, the energy gain due to atomic rearrangement would not 
exceed 7 meV/atom (small compared to kBT at room temperature), hence a complete phase 
segregation of Hf and Nb is not expected in the ferromagnetic phase at room temperature, 
although compositional fluctuations would be still energetically favorable. 
Experimentally, such compositional fluctuations can be observed by SEM/EDS measurements, 
which were performed for (Hf1-xNbx)Fe2 with x = 0.20 prepared by different synthesis routes and 
x = 0.18. Figure 10 shows the microstructure of as-cast (a) and annealed (b) (Hf0.80Nb0.20)Fe2 
samples. The as-cast material shows fairly large, non-equiaxed (as expected) grains, some as 
large as few hundreds of µm. The average composition of the phase determined by integration of 
several spots in the middle of the grains indicates 2% Nb and 3% Fe (by wt.) deficiencies 
compared to the nominal composition. As can be seen in EDX mapping, the distribution of Fe is 
homogenous across the representative examined area, including grain boundaries. A minor loss 
of Fe during the synthesis has been in the past observed and reported for (Hf1-xTax)Fe2 materials, 
but evidently,  it is not the primary cause of transition broadening in (Hf1-xNbx)Fe2 because a 
compensation of Fe loss made by adjustment of the nominal composition (Hf1-xNbx)Fe2+δ does 
not sharpen the FOMT. Contrary to the grains, the grain boundaries show a clear contrast 
between Hf and Nb (see EDX mapping in Figure 10) indicating the Nb rich but Hf deficient 
grain boundaries. 
Surprisingly, the sample annealed at 1000°C for one week shows grains that are more equiaxed 
and clearly smaller – several tens of µm – compared to those in the as-cast sample. This is rather 
counterintuitive, as it is usually anticipated that annealing would promote recrystallization and 
grain growth. Grain refinement as a result of heat treatment has been reported in the past and it is 
usually associated with reversible phase transformations in the solid state [55,56]. Further, high 
temperature annealing usually favors better chemical homogeneity, however, this is clearly not 
the case in these materials as in addition to a reduction of the grain size, annealing results in 
15 
 
multiplication of the chemically inhomogeneous Nb-rich grain boundaries. This confirms that in 
(Hf1-xNbx)Fe2, Hf and Nb have a tendency toward segregation, in both as-cast and annealed 
samples. In the as-cast material, rather fast solidification due to relatively high cooling rate 
which is the result of a direct contact of the melt with the water-cooled copper hearth limits the 
segregation between Hf and Nb, but a long heat treatment clearly promotes chemical 
inhomogeneity. 
The typical width of the alternating Nb/Hf rich regions is of the order of 5 to 10 µm in the as-cast 
sample. This leads to a compositional distribution around the nominal one, and consequently 
results in a rather broad spread of phase transition temperatures. The FOMT appears as a single 
transition but is spread over a large temperature range. For the annealed sample, the 
multiplication of the new chemically inhomogeneous grain boundaries makes the distribution of 
transition temperatures even broader, which is in line with the magnetization data showing a 
broader transition than for the as-cast sample. Similar observations have been made for 
(Hf1-xNbx)Fe2 with x = 0.18, which is shown in Figure S6 of supplementary material.  
 
4. CONCLUSIONS 
In summary, a first-order magneto-elastic ferromagnetic-antiferomagnetic transition is found in 
(Hf1-xNbx)Fe2 for 0.17 ≤ x ≤ 0.22. The transition temperature is remarkably sensitive to applied 
pressure and shifts downward at a rate of -122 K/GPa. Temperature dependent XRD experiments 
show that the first-order magnetic phase transition coincides with a discontinuity in the lattice 
parameter a and in the unit cell volume, and phase separation between the antiferromagnetic and 
ferromagnetic phases persists down to 20 K. It results in a large negative volumetric thermal 
expansion (NTE) coefficient of about -15 ×10-6 /K distributed over a large temperature range. In 
agreement with theoretical predictions, the phase separation at the FOMT, which is at the origin 
of the broadening of the NTE over a large temperature range, is related to chemical segregation 
manifested by alternating Hf and Nb-rich regions with a length scale of ~10 µm. We suggest that 
the observed segregation at the microstructural level can be used to design materials with 
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extended NTE range. This study reveals unusual magnetic and microstructural behaviors in 
(Hf1-xNbx)Fe2 materials, as well as the occurrence of a first-order magnetic phase transition, 
indicating that transition metal based Laves phase may become an attractive playground to 
achieve multifunctional properties. 
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FIGURE CAPTIONS 
Figure 1. (a) Crystal structure of a C14-type (Hf1-xNbx)Fe2 Laves phase; (b) Partial structure 
showing Fe atoms occupying two inequivalent sites 2a and 6h, visualizing different stacking of 
layers along c-axis; (c) the (001) projection of (b), Kagomé layers formed by Fe at 6h with 
additional Fe atoms at 2a located above half of the Fe3 triangles. 
Figure 2. (a) Unit cell volume and (b) c/a ratio as functions of Nb content x in (Hf1-xNbx)Fe2 
(0 ≤ x ≤ 0.3) obtained from room-temperature powder XRD data. The lines are guides for the 
eye. 
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Figure 3. (a) Magnetization as a function of temperature for (Hf1-xNbx)Fe2 (0.15 ≤ x ≤ 0.3) at 
external magnetic field of 0.1 T. (b) Details for x = 0.2 and x =0.22 in the vicinity of TN. (c) M-T 
curve for x = 0.3 shown at a different scale. 
Figure 4. (a) Magnetization and demagnetization curves measured for several compositions of 
(Hf1-xNbx)Fe2 (0.1 ≤ x ≤ 0.3) at 5 K. (b) The magnetization as a function of Nb content, measured 
in a magnetic field of 5 T at 5 K (solid circles) and calculated in zero field at 0 K using 
DFT(open squares). 
Figure 5. Magnetic phase diagram of (Hf1-xNbx)Fe2 (0≤ x ≤ 0.3). 
Figure 6. (a) Intensity contour map showing the evolution of Bragg peaks across the FOMT in 
(Hf0.80Nb0.20)Fe2. The horizontal dashed line indicates the temperature at which Bragg reflections 
begin to split upon cooling. (b) X-ray powder diffraction patterns, showing the same range of 2θ, 
recorded upon cooling at selected temperatures. 
Figure 7. Temperature dependence of the lattice parameters (a), unit cell volume (b), c/a ratio 
(c), and the phase fractions (d) obtained from Rietveld refinement of XRD data measured upon 
cooling in zero field for (Hf0.80Nb0.20)Fe2. The error bars are smaller than the symbols for most 
data points. 
Figure 8. The effect of applied hydrostatic pressure on the magnetization for (Hf0.80Nb0.20)Fe2 (a) 
Magnetization as a function of temperature measured on both cooling and heating in an external 
magnetic field of 0.1 T at various pressures. Inset: the transition temperature versus pressure. (b) 
Magnetization isotherms measured at 5 K at various pressures. Arrows indicate the direction of 
magnetic field change. 
Figure 9. (Upper panel) ±0.04 e-/A3 iso-surfaces of spin density in the (001) projection of 
Hf3Nb1Fe8 (Hf4-4xNb4xFe8 at x=0.25) in FM and AFM phases. Fe, Hf and Nb atoms are in red, 
black and blue, respectively. Spin orientations are the same in the FM phase; the AFM phase has 
a spin wave along the (001) direction. (Lower panel) Energies of fully ordered (Hf1-xNbx)Fe2 
structures versus composition. The number of atoms per unit cell was fixed to 24 in Fe16Hf7Nb1 
at x=0.125, and 12 at all other x. Several symmetry-inequivalent atomic arrangements are 
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considered at each composition. Each filled symbol marks the lowest-energy atomic arrangement 
in the FM phase, and the same atomic arrangement in the AFM phase; filled symbols are 
connected by the Akima splines (solid lines), which are only a guide to the eye. In each phase, 
the lowest-energy structures are connected by the dashed lines. Vertical separation between the 
solid and dashed lines estimates an energy gain due to atomic rearrangement. 
Figure 10. SEM image (top) and EDX mapping (bottom) of as-cast (a), and annealed sample (b) 
of (Hf0.80Nb0.20)Fe2. 
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Figure 1. (a) Crystal structure of a C14-type (Hf1-xNbx)Fe2 Laves phase; (b) Partial structure 
showing Fe atoms occupying two inequivalent sites 2a and 6h, visualizing different stacking of 
layers along c-axis; (c) the (001) projection of (b), Kagomé layers formed by Fe at 6h with 
additional Fe atoms at 2a located above half of the Fe3 triangles. 
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Figure 2. (a) Unit cell volume and (b) c/a ratio as functions of Nb content x in (Hf1-xNbx)Fe2 
(0 ≤ x ≤ 0.3) obtained from room-temperature powder XRD data. The lines are guides for the 
eye. 
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Figure 3. (a) Magnetization as a function of temperature for (Hf1-xNbx)Fe2 (0.15 ≤ x ≤ 0.3) at 
external magnetic field of 0.1 T. (b) Details for x = 0.2 and x =0.22 in the vicinity of TN. (c) M-T 
curve for x = 0.3 shown at a different scale. 
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Figure 4. (a) Magnetization and demagnetization curves measured for several compositions of 
(Hf1-xNbx)Fe2 (0.1 ≤ x ≤ 0.3) at 5 K. (b) The magnetization as a function of Nb content, measured 
in a magnetic field of 5 T at 5 K (solid circles) and calculated in zero field at 0 K using 
DFT(open squares). 
 
 
 
 
 
 
 
 
 
 
 
 
 
28 
 
 
Figure 5. Magnetic phase diagram of (Hf1-xNbx)Fe2 (0≤ x ≤ 0.3). 
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Figure 6. (a) Intensity contour map showing the evolution of Bragg peaks across the FOMT in 
(Hf0.80Nb0.20)Fe2. The horizontal dashed line indicates the temperature at which Bragg reflections 
begin to split upon cooling. (b) X-ray powder diffraction patterns, showing the same range of 2θ, 
recorded upon cooling at selected temperatures. 
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Figure 7. Temperature dependence of the lattice parameters (a), unit cell volume (b), c/a ratio 
(c), and the phase fractions (d) obtained from Rietveld refinement of XRD data measured upon 
cooling in zero field for (Hf0.80Nb0.20)Fe2. The error bars are smaller than the symbols for most 
data points. 
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Figure 8. The effect of applied hydrostatic pressure on the magnetization for (Hf0.80Nb0.20)Fe2 (a) 
Magnetization as a function of temperature measured on both cooling and heating in an external 
magnetic field of 0.1 T at various pressures. Inset: the transition temperature versus pressure. (b) 
Magnetization isotherms measured at 5 K at various pressures. Arrows indicate the direction of 
magnetic field change. 
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Figure 9. (Upper panel) ±0.04 e-/A3 iso-surfaces of spin density in the (001) projection of 
Hf3Nb1Fe8 (Hf4-4xNb4xFe8 at x=0.25) in FM and AFM phases. Fe, Hf and Nb atoms are in red, 
black and blue, respectively. Spin orientations are the same in the FM phase; the AFM phase has 
a spin wave along the (001) direction. (Lower panel) Energies of fully ordered (Hf1-xNbx)Fe2 
structures versus composition. The number of atoms per unit cell was fixed to 24 in Fe16Hf7Nb1 
at x=0.125, and 12 at all other x. Several symmetry-inequivalent atomic arrangements are 
considered at each composition. Each filled symbol marks the lowest-energy atomic arrangement 
in the FM phase, and the same atomic arrangement in the AFM phase; filled symbols are 
connected by the Akima splines (solid lines), which are only a guide to the eye. In each phase, 
the lowest-energy structures are connected by the dashed lines. Vertical separation between the 
solid and dashed lines estimates an energy gain due to atomic rearrangement. 
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Figure 10. SEM image (top) and EDX mapping (bottom) of as-cast (a), and annealed sample (b) 
of (Hf0.80Nb0.20)Fe2. 
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